The 718,122 base pair sequence of the Escherichia coli K-12 genome corresponding to the region from 12.7 to 28.0 minutes on the genetic map is described. This region contains at least 681 potential open reading frames, of which 277 (41%) have been previously identified, 147 (22%) are homologous to other known genes, 139 (20%) are identical or similar to the hypothetical genes registered in databases, and the remaining 118 (17%) do not show a significant similarity to any other gene. In this region, we assigned a cluster of cit genes encoding multienzyme citrate lyase, two clusters of fimbrial genes and a set of lysogenic phage genes encoding integrase, excisionase and repressor in the el4 genetic element. In addition, a new valine tRNA gene, designated valZ, and a family of long directly repeated sequences, LDR-A, -B and -C, were found.
Introduction
As a model organism, Escherichia coli has been playing significant roles in the establishment of a number of basic concepts in molecular biology, and the enormous amount of data accumulated to date has contributed to the understanding of a variety of cellular processes of not only E. coli but also other organisms. 1 In addition, determination of the whole genome sequence of E. coli is undoubtedly awaited for further insight into various bioCommunicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-564-55-7690, Fax. +81-564-55-7690 logical phenomena. Until now, the complete DNA sequences from two organisms, Haemophilus infulenzae 2 and Mycoplasma genitalium, 3 were reported, and sequencing of several other procaryotic and eucaryotic genomes are now in progress. In E. coli, a contiguous sequence covering about 65% of the whole genome has been determined. 4 The E. coli genome project in Japan was started in 1989 to analyze the sequence of the E. coli genome from 0 minutes in a clockwise direction. So far, the DNA sequences of the 0-2.1 5 and 2.1-4.1 min 6 regions on the genetic map were determined and published previously. Subsequently, the 138 DNA Sequence of the 12.7-28.0 min Region of E. coli Genome [Vol. 3, entire sequence from 4.1 to 12.7 min was determined and the data of a part of the region (4.1 min to 6.0) registered in the DDBJ database. In April 1995, we reorganized a new group for analysis of the DNA sequence of the region from 13 to 50 minutes using a new protocol. In addition, the team headed by Blattner in the United States has determined a contiguous sequence from 0 (100) to 76 minutes in counterclockwise. 7 " 12 They have also registered the sequence data of the 76-60 min region in GenBank. In this paper, we describe a 718-kb DNA sequence of the region spanning from 12.7 min to 28.0 min on the genetic map. Kohara' s clones 13 DNA samples used in this experiment were prepared from Kohara's library, in which DNA fragments of E. coli K-12 W3110 14 were cloned in phage lambda. Individual phage clones were grown in 20 ml of NZCYM medium on host W3110, and precipitated by the addition of polyethylene glycol (PEG) #6000. Total phage DNA containing each bacterial DNA fragment was purified with a QIAGEN lambda kit (Qiagen Gmbh, Hiden, Germany). Bacterial DNA in each lambda clone was amplified by polymerase chain reaction (PCR) using a GeneAmp XL PCR kit (Perkin-Elmer/Applied Biosystems Division, Norwalk, CT, USA) with two primers, primer 1 (5'-ACAGTCGGTGGTCCGGCAGTACAATGGATTACC-3', residing upstream of 678 base pair (bp) from the BarnRl cloning site on the left arm of lambda EMBL4) and primer 2 (5'-GCAACCTGCAACGTAT-TGAGCGCAAGAATCAGC-3', residing downstream of 640 bp remote from the BamHI cloning site on the right arm). 15 After electrophoresis on a 0.4% agarose gel, the PCR product was purified by EASYTRAP (Takara Shuzo Co., Kyoto, Japan).
Materials and Methods

DNA source 2.1.1. Preparation of bacterial DNA from
Sonication, size selection and cloning of the E.
coli DNA Five micrograms of PCR DNA was sonicated for 10-20 sec with a Branson Sonifier (Heat Systems, Farmingdale, NY, USA). The sonicated DNA was blunt-ended using a DNA blunting kit (Takara Shuzo Co.) and fractionated by 6% polyacrylamide gel electrophoresis. DNA fragments of 0.6 ~ 2 kb in length were excised from the gel and eluted by MG elution buffer (500 mM ammonium acetate, 10 mM Magnesium acetate, 1 mM EDTA, 0.1% (W/V) SDS) for overnight at 37°C. The recovered DNA was ligated with the Sma I site of vector M13mpl9 DNA, 16 which was previously treated with bacterial alkaline phosphatase, and introduced into TGI 1 7 or JM109 16 competent cells with an electroporator. The cells were plated on LB plates containing X-gal and IPTG to form plaques. More than 250 independent white plaques per lambda clone were isolated.
Purification of the Ml 3 single-stranded DNA
M13 phage clones isolated were grown in 2 x YT medium 17 for 8 hr on host TGI or JM109. Phage particles were collected from 2 ml of culture supernatant by PEG precipitation and single-stranded DNA (ssDNA) was prepared by phenol-chloroform extraction followed by ethanol precipitation or by an automatic plasmid isolation system (PI-100 £; Kurabo, Osaka, Japan).
Xo. 3]
T. Oshima et al. 139 assembly of random sequences using two computer programs. Autoassembler and ATSQ. Bacterial insert DNA (17 kb on average) in each lambda clone was amplified by a long PCR procedure 15 and PCR products were randomly fragmented by sonication. DNA fragments ranging from 0.6 to 2.0 kb in size were isolated and sub-cloned in phage M13mpl9 16 as the vector. ssDNA was purified and used as the template for cycle sequencing with a universal primer (-21M13). When more than 250 random DNA fragments prepared from respective Kohara clones were sequenced, most sequences (98-99%) were assembled into one contiguous sequence. If gaps remained, additional M13 clones or PCR products amplified using appropriately designed synthetic primers encompassing the gaps were sequenced. For ambiguous bases, we sequenced additional M13 clones or PCR products amplified using appropriate Ml3 clone DNA as a template in reverse direction as well. Random short sequences derived from a Kohara clone were assembled into a contiguous sequence using the Autoassembler program. Then, the contiguous sequences thus obtained from respective Kohara clones were further assembled and edited by the ATSQ program. Under the experimental conditions, mean sequence redundancy was 7.2-fold and the overall accuracy of the contiguous sequence was estimated to be 99.99% by comparison with previously reported sequences and with overlapped sequences of two adjacent lambda clones.
Assignment of potential coding region
To assign ORFs, we first selected potential ORFs which were composed of more than 50 consecutive sense codons. All these ORFs were translated into amino acid sequences and then subjected to homology analysis against the SWISS-PROT (release 31) and PIR (release 44) protein databases using the BLASTP program. When ORFs to be examined showed more than 95% identity in sequence and consistency in amino acid length to known gene products, they were referred to as known genes. In the newly sequenced regions, ORFs with BLASTP scores of more than 100 were classified as either homologous or hypothetical according to their functions. When the functions of the reported ORFs or genes were known, the corresponding new ORFs were classified as homologous; when the functions of the reported ORFs were not known, the corresponding new ORFs were classified as hypothetical. The ORFs that could not be predicted by BLASTP were predicted either using the program GeneMark 18 or visually. In the latter case, the possible NH 2 -terminus of each predicted ORF was estimated by calculating the efficiency of the ribosome binding site for translation with a program developed by ourselves. These ORFs were classified as hypothetical as well. The nomenclature of the predicted ORFs was based on the consecutive numbers of ORFs found in each Kohara clone; for example, the ORF designated as ol62#l was ORF number 1 in Kohara miniset clone 162. Specific sequences other than ORFs were checked by the FASTA program.
The ORFs predicted in the 12.7-28 min region on the linkage map are summarized in Table 1 and illustrated in the Supplement. We found at least 681 potential ORFs in this region. Among them, 277 ORFs (41%) were identical to known genes reported previously. One hundred and forty seven (22%) and 139 (20%) ORFs were identified as homologous and hypothetical genes, respectively. The rest of the ORFs (118, 17%) did not show a significant similarity to any other gene registered in the two databases.
Unique ORFs identified
In the sequence determined, we identified 9 genes, nfnB (nitrofurantoin sensitivity; 13.1 min), rnk (regulator of nucleoside diphosphate kinase 14.0), gltJ, K and L genes (glutamate/aspartate transport system; 14.9 min), mdaA (19.4 min), ftsK (filamentation; 20.3 min), pqi (paraquat inducible; 22.0 min), torR (regulator of trimethylamine oxide reductase; 23.0 min). The DNA or protein sequences of these genes were known but their locations were not identified.
The lol (iplA) gene (lipoate-protein ligase) and a part of its sequence had been localized to 99.6 min on the linkage map. 4 However, we found an exactly identical sequence (o214#8) at 20.4 min, an indication that the previous map position of the gene may be erroneous. The deduced amino acid sequence of o207#3 was found to be 70% identical to that of the putative transaldolase encoded by talC at 89.1 min. It has been reported that E. coli possesses at least two transaldolase genes, talA and talB, and the amino acid sequence of the talA gene product was 64% identical to that of the talB gene product. 19 Comparison of amino acid sequence between o207#3 or TalC and TalA or TalB, however, showed only 11 to 14% identity. These results indicate that both o207#3 and talC were generated by duplication, and that they belong to a different family from that of talA and talB.
The amino acid sequences of two ORFs (ol62#5 and ol62#6) showed a high degree of similarity to copS and copR gene products of Peudomonas syringae, respectively. Because CopS and CopR are sensor and transcription activator proteins of the two-component systems, respectively, ol62#5 and ol62#6 may be new members of the family.
The six ORFs located at 14.0-14.1 min showed a sequence similarity to a group of cit genes encoding citrate lyase or its related enzymes in Klebsiella pneumoniae and Haemophilus influenzae. In E. coli, citrate lyase has been shown to be a multienzyme complex built up from at least three different subunits (alpha, beta and gamma). 20 However, the genes coding for these subunits have not been identified yet. The fact that the order of the six ORFs is identical to that of the cit genes in H. influenzae strongly suggests that these ORFs are likely to be the cit genes in E. coli. Moreover, it is interesting to note that a sequence of more than 20 kb covering the region from the cit-\ike gene cluster (14.1 min) to mrdA (pbpA; 14.5 min) is homologous to a sequence of about 13 kb from the citG to pbp2 genes in H. influenzae with respect to genes and gene order, although a central portion of the region present in E. coli is not present in H. influenzae.
The cde gene (constitutive dam expression) is supposed to be a transcription regulator of the dam gene encoding DNA adenine methylase. The cde gene was reported to be located within the UpB gene (lipoate biosynthesis protein; 14.4 min) or between the lip B a,nd lip A genes. Since there is only one ORF (ol68#13) present in this spacer, and since it has motifs shared with the LysR transcriptional regulator family, this ORF probably corresponds to the cde gene. Likewise, ol66#7 was found to have the LysR motifs. This might be the leuJ gene encoding a regulator of leu and ilv operons, because it mapped to around this locus.
At least two fimbrial gene clusters were found. One cluster contains three ORFs (ol75#9, ol75#10 and ol75#ll; 16.3 min), and the products of the first two genes are homologues of E. coli outer membrane chaperone protein PapD and usher protein PapC, respectively. The other contains at least seven fimbrial genes (o221#5-#11; 21.7 min). This cluster also encodes a pair of chaperone-and usher-like proteins.
o225#13 and #14 at 22.8 min probably encode cold shock proteins similar to CspF and CspB proteins, respectively.
A group of ORFs present in a 13-kb region spanning from 24.6 to 24.8 min showed a high degree of similarity in both sequence and organization to the flg (flagella) genes in Salmonella typhimurium, except the sequence of the flgD gene encoding a flagella basal-body rod modification protein. E. coli and S. typhimurium seem to have the same set of flg genes. In addition, downstream of the flgMN genes, there are two other genes (o233#6 and #7) which are almost identical to Salmonella mviM and mviN genes encoding virulence factors for mouse.
The el4 element (26.1 min) has been thought to be a cryptic prophage. Within the el4 region, three ORFs (o240#2, #3 and #4) are found to be homologues of intergrase, excisionase and repressor in lysogenic phage P21. Probably, this putative repressor is inactivated during the process of SOS induction, and consequently, expression of the two genes results in excision of a 14.4-kb circular DNA.
3.4-Other futures
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